Introduction
Corynebacterium glutamicum ssp. lactofermentum is a coryneform bacterium that produces L-glutamic acid. Coryneform bacteria are rod-shaped aerobic Gram-positive bacteria that cannot form spores and are not acid-resistant. Coryneform bacteria are used for the large-scale production of various chemicals including several amino acids. C. glutamicum ssp. lactofermentum AJ 1511 (deposited as ATCC 13869 in the American Type Culture Collection) was formerly classified as Brevibacterium lactofermentum in the genus, Brevibacterium, but has since been grouped with the genus, Corynebacterium (Liebl et al., 1991) . For more than 50 years, C. glutamicum ATCC 13032 and AJ 1511 have been used in the industrial production of glutamate, which is primarily used as a food seasoning (Sano, 2009) . The genome sequence of C. glutamicum ATCC 13032 was determined independently by two groups (Ikeda and Nakagawa, 2003; Kalinowski et al., 2003) . The genome sequences of close C. glutamicum relatives including Corynebacterium efficiens, which grows at a different optimal temperature , C. glutamicum strain R (Yukawa et al., 2007) , and C. glutamicum ATCC 14067, formerly classified as Brevibacterium flavum (Lv et al., 2012) , have also been determined. These glutamic acid-producing strains are closely related, however, they show phenotypic differences.
In this report, we determined the whole genome sequence of C. glutamicum AJ 1511 and performed genome-wide comparative analysis with C. glutamicum ATCC 13032 to determine strain-specific differences.
Materials and Methods
Genome sequencing. Genomic DNA of wild-type C. glutamicum AJ 1511 was sheared by sonication. Resultant DNA fragments in the 1-2 kb range were purified by gel electrophoresis using 1% agarose gels, and recovered using the QIAquick Gel Extraction kit (Qiagen, Tokyo, Japan). Recovered fragments were blunt-ended, phosphorylated, and ligated to the high copy number vector, pUC118, which was treated with HincII and bacterial alkaline phosphatase (Takara Bio, Kyoto, Japan), using the Blunting Kination Ligation Kit (Takara Bio). This is referred to as the pUC118 library. Genomic DNA was digested with varying amounts of Sau3AI. The fraction containing the greatest mass in the 30-40 kb range was selected by analyzing an aliquot of each fraction by gel electrophoresis on 0.8% agarose gels. An aliquot of the selected fraction was dephosphorylated with calf intestine alkaline phosphatase (New England Biolabs, MA, USA), ligated into the cosmid vector, SuperCos 1 (Stratagene, CA, USA), at the BamHI restriction site, and packaged into l phage. The library composed of 30-40 kb fragments is referred to as the cosmid library. The pUC118 library was introduced into DH5a Escherichia coli and plated onto Luria-Bertani (LB) agar plates containing 100 mg/ mL ampicillin and 40 mg/mL 5-bromo-4-chloro-3-indolyla-D-galactoside (X-Gal). LB medium cultures containing 100 mg/mL ampicillin were inoculated with white colonies. Individual colonies were cultured in wells of 96 deepwell plates, and plasmids were isolated using the QIAprep Turbo Kit (Qiagen). DNA fragments inserted into pUC118 were sequenced using the M13 reverse primer. Shotgun sequencing was performed with BigDye terminators and an Applied Biosystem ABI Prism 3700 DNA analyzer (Applied Biosystems, Tokyo, Japan). Approximately 55,000 samples from the pUC118 library, which in aggregate length corresponds to more than an 8-fold coverage of the size of the genome, were analyzed and sequences were assembled by Phred/Phrap software (CodonCode, MA, USA). From the results of the assembly, clones that were predicted to connect contigs were sequenced with the M13 forward primer, M3. Reassembly by Phrad/Phrap with the Repeat Masker program, which excludes repeat sequences, yielded 52 contigs each over 5 kb in length. Packaged particles of the cosmid library were introduced into XL1-Blue MR E. coli and selected on LB plates containing 25 mg/mL kanamycin. Approximately 900 clones corresponding in total length to more than a 10-fold coverage of the size of the genome were sequenced using both T3 and T7 universal primers. Based on end sequence data from the cosmid library and the 52 contig sequences from the plasmid library, direct linkages between contigs were estimated using Clustering and Alignment Tools software (Hitachi, Tokyo, Japan) and cosmid clones at predicted linkages were selected from the library. To fill in gap regions between contigs, sequences of the inserted fragments of selected clones were determined using the primer walking method. Remaining gap regions between contigs were determined by PCR amplifying genomic DNA using primers that were designed based on the end sequences of contigs. These PCR products were then sequenced directly by primer walking. The whole genome sequence was further refined by mapping re-sequencing data with a 57-fold redundancy using a MiSeq sequencer (Illumina, CA, USA) and 2 ¥ 300 bp pair end sequencing and a CLC Genomics Workbench (CLC bio, MA, USA).
Bioinformatics. Protein coding regions were predicted with the GenLook program using default conditions (Nishi et al., 2005) . The Shine-Dalgarno sequence was defined as 5¢-AAAGAGG-3¢ (Amador et al., 1999) . Gene function predictions were aided by Genaris Annotation System (Genaris Omics Inc.). BLAST (Altschul et al., 1997) and FASTA (Pearson, 2000) software were used to search databases, and ClustalW (Thompson et al., 1997) was used for multiple gene alignments. Prosite (Gattiker et al., 2002) , PRINTS (Attwood et al., 2003) , and Pfam (Finn et al., 2006) databases were used for protein motif analysis. PrediSi (Hiller et al., 2004) software was used for signal peptide prediction, and PRODIV-TMHMM (Viklund and Elofsson, 2004 ) was used to predict transmembrane regions. Phylogenetic trees were constructed using the neighbor-joining method with p-distance or Kimura's distance in MEGA 6.0 (Saitou and Nei, 1987; Tamura et al., 2013) . Dot plots were generated by dividing genome sequences into 10 kb fragments, which were used to per- form homology searches, and homologous regions with an e-value < 0.01 were plotted at their corresponding positions. Horizontal gene transfer was searched for using the methods of Nakamura et al. (2004) and a horizontal gene transfer database (Garcia-Vallve et al., 2003) .
Identification of species-specific genes.
The genome of C. glutamicum ATCC 13032 (GenBank accession No. BA000036) was used as the reference genome for genomic comparative analysis. From among all the ORFs predicted in the genome of C. glutamicum AJ 1511, BLASTN and BLASTP were used to select those that shared no homology with DNA sequences (<100 b alignment and <100 score) and predicted protein sequences (<100 score) in the C. glutamicum ATCC 13032 genome, respectively. Unique ORFS that satisfied these criteria were defined as C. glutamicum AJ 1511-specific. C. glutamicum ATCC 13032-specific genes were defined in a similar manner but using the C. glutamicum AJ 1511 genome as the reference genome.
Data deposition. Sequences reported in this paper have been deposited in the DDBJ/EMBL/GenBank database (accession No. AP017557).
Results and Discussion

Genome structure
The entire genome sequence of C. glutamicum AJ 1511 was determined by whole genome shotgun sequencing and validated by next-generation sequencing (NGS). The genome of C. glutamicum AJ 1511 is maintained in a single circular form with a size of 3,272,611 bp and GC content of 54.2%. The size (in bp), GC content, and number of predicted genes of genomes analyzed in this study (i.e., C. glutamicum AJ 1511, C. glutamicum ATCC 13032, C. glutamicum R, and C. glutamicum ssp. flavum ATCC 14067) are shown in Table 1 . The genomes of the four glutamate-producing corynebacteria are similar in size and predicted number of genes, which reflect the close phylogenetic relationship of the three species. Whole genomes of the two closely related glutamate-producing strains (C. glutamicum AJ 1511 and C. glutamicum ATCC 13032) were compared (Fig. 1) . In dot plots, the largest gap at approximately the 2 Mb position in the C. glutamicum AJ 1511 genome corresponds to a unique ATrich region in the C. glutamicum ATCC 13032 genome, which likely arose through horizontal transfer after diver- Red and blue dots indicate homology in the forward and reverse direction, respectively. The three largest gaps, which indicate the positions of the three largest unique regions, are marked by blue ellipses.
gence of the two strains. The AT-rich region between 1.78 and 2.00 Mb position (220 kb) from NCgl1611 to NCgl1816 contains genes encoding several enzymes involved in DNA replication, such as helicase (NCgl1673 and NCgl1692) and topoisomerase (NCgl1769). The characteristic genes are summarized in Table 2 . The second and third largest gaps were found at approximately the 450 kb and 1.5 Mb position in the C. glutamicum AJ 1511 genome, which correspond to unique regions in the C. glutamicum AJ 1511 genome. These findings indicate that the two strains of corynebacteria are closely related but harbor significant strain-specific genetic differences. Consistent with previous results of comparative genome sequence analysis , these results support the hypothesis that genome shuffling in Corynebacterium is suppressed by the absence of the RecBCD pathway.
C. glutamicum ssp. lactofermentum-specific genes
Strain-specific genes of C. glutamicum ATCC 13032 and C. glutamicum AJ 1511 were identified as described in Materials and Methods. This analysis revealed 267 and 308 unique genes C. glutamicum AJ 1511 and C. glutamicum ATCC 13032, respectively. The majority of C. glutamicum AJ 1511-specific genes were clustered in regions unique to C. glutamicum AJ 1511. A detailed map (71 kb) of the largest C. glutamicum AJ 1511-specific region (413-484 kb position) is shown in Fig. 2 . The genes and annotation are listed in Table 3 . In this region, several genes encoding enzymes involved in sugar metabolism, including UDP-N-acetylglucosamine 2-epimerase (CGBL_0104170), glycosyltransferase (CGBL_0104180, CGBL_0104330, CGBL_0104430), N-acetylglucosamineinositol-phosphate N-acetylglucosaminyltransferase (CGBL_0104190), UDP-ManNAc 6-dehydrogenase (CGBL_0104340), dTDP-L-rhamnose synthase (CGBL_0104010), and dTDP-D-glucose 4,6-dehydratase (CGBL_0104020), are present, although homologous proteins of the latter two (CGBL_0104010 and CGBL_0104020) are also present in C. glutamicum ATCC Characteristic genes present in the AT-rich region of ATCC13032 but missing in AJ1511 between 1.78 and 2.00 Mb position (220 kb) in C. glutamicum ATCC 13032 genome.
13032 as Cgl0333 and Cgl0334, respectively. These enzymes can affect the cell wall composition. Eighteen transposase homologues are also encoded in this region, five of which are found in C. glutamicum ATCC 13032 (Fig. 2) . A detailed map (31 kb) of the second largest C. glutamicum AJ 1511-specific region (1472-1503 kb position) is shown in Fig. 3 . The genes and annotation are listed in Table 4 . This region contains two putative operons encoding restriction modification systems. One operon en- The black arrow indicates the gene encoding transposase not unique to C. glutamicum AJ 1511 (CGBL_0114030). Arrows filled with horizontal lines indicate unique genes encoding transposase and inactivated derivative proteins (CGBL_0114040 and CGBL_0114080). Gray arrows indicate genes encoding restriction-modification systems as follows: (A) CGBL_0113900: type I restriction enzyme EcoR124II M protein, (B) CGBL_0113910: putative type III restriction-modification system HindVIP enzyme mod, (C) CGBL_0113920: putative type III restriction-modification system HindVIP enzyme res, (D) CGBL_0113970: type I restriction enzyme EcoR124II M protein, (E) CGBL_0113980: restriction endonuclease S subunits, and (F) CGBL_0114390: type I restriction enzyme R protein. Table 3 . Genes in the AJ 1511 specific region (1) between 413 and 484 kb position (71 kb).
codes the type I restriction enzyme EcoR124II M (CGBL_0113900), the putative type III restriction-modification system HindVIP enzyme mod (CGBL_0113910), and the putative type III restriction modification system HindVIP enzyme res (CGBL_0113920). The other operon encodes the type I restriction enzyme EcoR124II M (CGBL_0113970), restriction endonuclease S subunits (CGBL_0113980), and the type I restriction enzyme R (CGBL_0113990 Table 4 . Genes except hypothetical protein in the AJ 1511 specific region (2) between 1.47 and 1.50 Mb position (31 kb). are also encoded in this region (CGBL_0114030, CGBL_0114040, CGBL_0114080). The differences in enzymes involved in cell wall synthesis and the restriction-modification system may be related to the difference in transformation efficiency between the two strains (Haynes and Britz, 1990) . Recently, the genome sequence of C. glutamicum CP, a Chinese strain that produces L-leucine, was reported (DDBJ/EMBL/GenBank accession number CP012194). Comparative analysis between the genome sequence of C. glutamicum AJ 1511 and C. glutamicum CP revealed that all C. glutamicum AJ 1511-specific regions were present in C. glutamicum CP, suggesting that C. glutamicum CP could be derived from C. glutamicum AJ 1511 or a common ancestor.
Gene gain, loss, and horizontal gene transfer
Several methods to detect horizontal gene transfer have been proposed. In this study we searched for genes resulting from horizontal gene transfer using a hidden Markov model (HMM) ) and phylogenetic analysis. The HMM classifier incorporates data from comparable genomes into a model to describe the host genome and detect possible genomic islands. The HMM classifier analyzes synonymous codon usage as a statistical feature to quantify gene similarity and characterize the origin of a gene. In phylogenetic analysis, the existence of other homologs, the degree of gene conservation, and the absence of related genes were used as criteria. There are three possibilities for the existence of strain specific genes: horizontal gene transfer, gene duplication and gene loss (Nishio et al., 2004) . After analysis in the HMM classifier, to exclude the possibility of gene duplication and gene loss from horizontal gene transfer, we further analyzed the phylogenetic relationship in possible horizontally transferred genes found in C. glutamicum AJ 1511-specific genes.
In the C. glutamicum AJ 1511 genome, eight genes, starting from CGBL_0104030 to CGBL_0104100 (424,776-436,612 bp position), were identified as candidate genes acquired by horizontal gene transfer both by phylogenetic analysis and HMM analysis (Fig. 2) . In this region, homologous genes were identified only for the gene encoding a DnaK/Hsp70 homologue.
Among the 273 C. glutamicum AJ 1511-specific genes, genes with putative functions, such as NADH-dependent glutamate dehydrogenase (CGBL_0128600), are present in glutamate producing corynebacteria. The phylogenetic tree of putative NADH-dependent glutamate dehydrogenase from Actinobacteria is shown in Fig. 4 . Among the whole genome sequences analyzed in this study, an orthologous gene of CGBL_0128600 is not found in C. glutamicum ATCC 13032 and gene loss in the ancestor of C. glutamicum ATCC 13032 is plausible. The molecular function of putative NADH dependent glutamate dehydrogenase has not been elucidated and requires further investigation. In summary, we have revealed the genome sequence of C. glutamicum AJ 1511 and strain-specific genes, which will lead to a more complete understanding of the phenotypic differences among glutamate producing corynebacteria.
